The effect of chloroquine on the interaction of insulin with its receptor has been investigated under both equilibrium and nonequilibrium conditions. Chloroquine was found to augment insulin binding in a pH-dependent manner between pH 6.0 and pH 8.5, with the maximum occurring at approximately pH 7.0. Analysis of the equilibrium binding data in terms of independent binding sites gave equivocal results but suggested an increase in the high-affinity component. Analysis using the negative cooperativity binding model of De Meyts, Bianco and Roth [J. Biol. Chem. (1976) 251, 1877-1888 suggested that the affinity at both high and low occupancy was increased equally. The kinetics of association of insulin with the plasma-membrane receptor indicated that, although the net rate of association increased in the presence of chloroquine, this was due to a reduction in the dissociation rate rather than an increase in the association rate. This was confirmed by direct measurement of the rates of dissociation. Dissociation was found to be distinctly biphasic,
INTRODUCTION
The anti-malarial drug chloroquine has been shown to have a number of effects on insulin metabolism. Thus in non-insulindependent diabetics chloroquine improves glucose tolerance [1] , increasing peripheral glucose disposal and decreasing the metabolic clearance rate of insulin [2] . In insulin-dependent diabetics chloroquine has been shown to reduce insulin resistance [3] , probably by inhibiting insulin degradation. In normal rats chloroquine causes hepatic retention of insulin [4] with accumulation of undegraded insulin in endosomal vesicles [5] . This accumulation was found to be due to inhibition of endosomal degradation of insulin by chloroquine [6, 7] . Inhibition of endosomal degradation is found in detergent-disrupted vesicles as well as in intact vesicles [6] , indicating that inhibition is not due solely to elevation of endosomal pH by the acidotrophic action of chloroquine and thus implying a more specific action of chloroquine. Kinetic analysis of the rates of endosomal insulin degradation in control experiments showed that the degradation can be represented as a bi-exponential process, and that the values of the rate constants are very similar to values found for the dissociation of insulin from the insulin receptor [7] . This suggests that dissociation from the receptor is the rate-limiting step in degradation. In the presence of chloroquine, a 2-fold decrease in the value of the slow process was observed, together with a concentration-dependent increase in the proportion of degradation proceeding via the slow process. Chloroquine has also been shown to increase insulin binding in cultured hepatoma cells [8, 9] . However, internalization and degradation of insulin in cultured cell systems make a rigorous analysis of surface binding with fast and slow components. Curve fitting suggested that the decrease in dissociation rate in the presence of chloroquine was not due to a decrease in either of the two dissociation rate constants, but rather to an increase in the amount of insulin dissociating by the slow component. It was also found that the increase in dissociation rate in the presence of excess insulin, ascribed to negative co-operativity, could be accounted for by an increase in the amount of insulin dissociating by the faster pathway, rather than by an increase in the dissociation rate constant. Thus chloroquine appears to have the opposite effect to excess insulin, and evidence was found for the induction of positive co-operativity in the insulin-receptor interaction at high chloroquine concentrations. Evidence was also found for the presence of low-affinity chloroquine binding sites with binding parameters similar to the concentration dependence of the chloroquine-induced augmentation of insulin binding. data somewhat problematical. However, these findings suggest that chloroquine may be affecting the interaction of insulin with its receptor.
The insulin receptor is a heterotetrameric structure composed of two a-and two fl-subunits held together by two classes of disulphide bonds [10] . The binding of insulin to its receptor often produces non-linear Scatchard analysis in most cell types considered: adipocytes [11, 12] , hepatocytes [13] , muscle cells [14] and partially purified receptors [15] . This behaviour is often treated as two independent insulin-binding sites with different affinities. Previous studies [16] have suggested that the curvilinearity of the insulin-binding isotherm is a result of negative cooperativity, where the binding affinity of the insulin receptor decreases as a function of the occupancy of the receptor. More recently, it has been suggested that the non-linearity results from the cross-linking ofthe two a-subunits by a single insulin molecule [17, 18] . The present study compares the concentration-dependent interaction of insulin with its receptor in the presence and absence of chloroquine under equilibrium conditions and with respect to the kinetics of association and dissociation. The equilibrium binding data are considered in terms of both independent binding sites and the negative co-operativity model of De Meyts et al. [16] .
EXPERIMENTAL Animals
Male Sprague-Dawley rats, 180-200 g body weight, were used throughout the study. § To whom correspondence should be addressed.
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Insulin and other chemicals Monocomponent porcine insulin was prepared from insulin zinc suspension B.P. (80 i.u./ml Monotard, Novo Nordisk Pharmaceuticals, Crawley, U.K.) as outlined by Christensen et al. [19] , and was iodinated with lactoperoxidase [20] . The 1251-[A14-tyrosyl]insulin isomer was separated by HPLC as previously described [21] . All other chemicals were purchased from Sigma Chemical Co., Poole, Dorset, U.K. and were of analytical grade.
Liver plasma membrane preparatIon
Purified plasma membranes were prepared from rat liver by the method of Dorling and LePage [22] . This preparation routinely gave 20 % recovery of plasma membrane as determined by 5 6.5 . There also appears to be an increase in non-specific binding between pH 6.0 and 8.0 in the presence of chloroquine, although this difference is not statistically significant. Table 1 . The relationship K x R (where K is the affinity of the receptor site of concentration R) gives a measure of the binding capacity; 1 mM chloroquine increased the total binding by nearly 60 %. This appears to be due to an increase in binding by high-affinity receptors with an accompanying decrease in the binding by low-affinity receptors. Although for the high-affinity population there appears to be a decrease in affinity accompanied by an increase in receptor concentration, an accurate assessment of the source of the increased binding is difficult since K1 and R1 are highly correlated (r = 0.98). Similar problems occur when considering the low-affinity site.
The data were subjected to a systematic examination where all ten data sets (five control, five chloroquine) were fitted simultaneously to a two-site binding model. As suggested in [24] , the fit was performed as the various binding parameters were forced to be considered equal in the control and chloroquine data sets. This was performed for each binding parameter both singly and in combination. [31, 32] . Hill plots of the data shown in Figure  2 produce Hill coefficients of less than 1.0 for both the control and the chloroquine curves (control = 0.769 + 0.057, chloroquine = 0.712+0.015, given as means+S.E.M.). Although heterogeneity of binding sites can give rise to Hill coefficients of less than unity, this may also be interpreted as being indicative of negative co-operativity. Under this latter interpretation, both control and chloroquine data show moderate negative cooperativity. However, there is no significant difference (P = 0.34) in the Hill coefficients, indicating that if negative co-operativity is the cause of the negative values for the Hill coefficients, then chloroquine is not affecting the degree of negative co-operativity. The data were also analysed, as described in the Experimental section, by non-linear regression analysis to the modified equations for negative co-operativity, as shown in the Appendix. Table 3 shows the values obtained for the parameters describing binding with negative co-operativity, and the resultant fit to the data is shown in Figure 3 in the form of an average affinity plot [33] . The values obtained for the receptor concentration in the presence of chloroquine are not significantly different from those obtained for the control. Both KAe (affinity when receptor occupancy = 0) and K, (affinity when receptor occupancy = 1) are Table 3 Effect of chloroquine on insulin binding-negative cooperativity The data shown in Figure 2 were tifted to the modified equation for negative co-operativity (Appendix; eqn. A3) to generate the parameters describing negatively co-operative binding shown in 
Association kinetics
The effects of chloroquine on the interaction of insulin with its receptor were further investigated by examining the rates of association and dissociation ofinsulin in the presence and absence of 1 mM chloroquine. Figure 4 shows the effect of chloroquine on the apparent rate of association of insulin with its receptor at various concentrations of native insulin. It can be clearly seen that in the presence of chloroquine there is an increase in the amount of membrane-bound insulin at equilibrium. There is also an increase in the rate at which that equilibrium value is obtained. It is not possible, from a simple inspection of the data, to estimate whether the increase in the rate of association is due to an increase in the rate constant for association or to a decrease in the rate constant for dissociation of the insulin-receptor complex. However, an indication may be obtained by an analysis of the data as described by Gammeltoft [34] according to eqn. (1) .
[ Figure 4 Rate of association of insulin with plasma-membrane receptors
The association of insulin with plasma-membrane receptors was followed as described in the Experimental section, with sampling at the indicated time-points for (a) control and (b) in the presence of chloroquine. The total concentration of insulin in each association mixture is indicated (in nM) at the end of each curve. The points represent the means of four separate experiments and the solid lines are the curves obtained by simultaneously fitting the data obtained at the six insulin concentrations to eqn. (1) by multivariate non-linear regression analysis. Table 4 Effect of chloroquine on the rates of association of Insulin with plasma membrane Means (± S.E.M., n = 4) for the kinetic parameters obtained by fitting the data shown in Figure 4 , to eqn. (1) are given. * The decrease in the dissociation rate constant (k2) in the presence of chloroquine is significant in a paired ttest at the 5% level. The data shown in Figure 4 were fitted to eqn. (1) using nonlinear regression analysis and the results are presented in Table  4 . The values obtained for the kinetic parameters indicated that there is no significant change in either the receptor concentration or the magnitude of the association rate constant in the presence of chloroquine. However, chloroquine appears to induce a significant decrease (19.1 %, P = 0.041) in the rate constant for dissociation of the insulin-receptor complex. It should be noted that this analysis does not make any allowance for insulin binding at more than one site or the operation of negative cooperativity at one or more sites. The increasing complexity of the resultant equations, embodying just some of these facets of insulin's interaction with its receptor [26] , suggests that an explicit analytical solution can probably not be obtained.
Dissociation kinetics
The above results suggest that chloroquine is exerting its effect through the dissociation of the insulin-receptor complex. Experiments were therefore carried out to confirm this suggestion and to quantify any changes. Figure 5 shows the time-courses representing the dissociation of receptor-bound insulin in the presence and absence of chloroquine and excess native insulin. It can be seen that, as found in previous studies [16, 35] The kinetic parameters obtained are shown in Table 5 (see also Figure 5 ). In the control dissociation approx. 60% of the membrane-bound insulin appears to be available for dissociation with a tq of nearly 14 min. The presence of chloroquine or insulin, either alone or in combination, produces dissociation curves that are different from the control. The presence of chloroquine alone clearly reduces dissociation, whereas the presence of excess native insulin increases the rate of dissociation. Insulin in the presence of chloroquine again increases the rate of dissociation. These changes are reflected in the calculated initial rates for dissociation (vi) as shown in Table 5 . Table 5 also shows that, in all of the test groups, the rate constant for dissociation was not significantly different from the control. The changes in dissociation rate appear to result from alterations in the amount of insulin (AO) available for dissociation with a ta of 14 min. In the presence of chloroquine, AO is significantly decreased by 32 % (P = 0.002), and in the presence of insulin, AO is significantly increased by 31.5 % (P = 0.007). There is no significant difference in the values of AO obtained in the presence of insulin alone and in combination with chloroquine.
Concentration dependence of chloroquine effect
A single concentration of radiolabelled insulin was used to examine the dependence of the enhancement of binding on the concentration of chloroquine. Figure 6 shows the specific and non-specific binding, determined as for Figure 1 at pH 7.4, over a range of chloroquine concentrations. The enhancement increases in a curvilinear manner, reaching a maximum at 8 mM chloroquine, with 50% stimulation being achieved at approx. 2 mM chloroquine. Since this experiment indicates a distinct concentration dependence of the chloroquine augmentation of binding, the effect of a higher concentration of chloroquine on the insulin-binding isotherm was examined. Lower concentrations of plasma membrane were used than for Figure 2 in order to decrease the percentage of labelled insulin initially bound in the absence of chloroquine and native insulin. The results are shown in Figure 7 as displacement curves, comparing the effect of 1 and 5 mM chloroquine. It can be seen that at these lower membrane concentrations the effects of chloroquine are more marked, and that, especially in the case of 5 mM chloroquine, there is a distinct increase in the amount of label bound with increasing native insulin concentration, reaching a maximum at approx. 2 x 10-10 M insulin, before the percentage of bound label begins to decrease in the expected manner. This typical Scatchard plot is shown in Figure 8 . Analysis of the data using LIGAND suggested a single binding site of relatively low affinity. The mean parameters (n = 4) characterizing the binding were Kd = 1.7 + 0.56 mM (+ S.E.M.), R = 2.27 (± 0.72) x 1016 sites/mg of protein.
DISCUSSION
Examination of the binding of insulin to the plasma membrane at a single low concentration of insulin showed that the presence of chloroquine increased the specific binding of insulin and that the increase in binding was pH dependent. The increase in binding was maximal at pH 7.5 and disappeared below pH 6.0. This suggests that if chloroquine is exerting its inhibitory effect on endosomal insulin degradation via a binding phenomenon, then either the pH within the insulin endosome is normally near neutrality or 'acidotrophic' neutralization of the insulin endosome pH must be a necessary pre-requisite to augmentation of binding. A number of studies have shown that various endosome populations [37] , including those internalizing insulin [38, 39] , rapidly become acidic following internalization and before lysosomal fusion. However, insulin degradation in the liver does not proceed via the lysosomal compartment but occurs within the endosome [5, 40, 41 ] by a neutral metalloprotease activity [6] , and recent studies [39] have indicated that the pH of the insulin-containing endosome in liver may in fact be near to neutrality. The displacement curve (Figure 2 ) confirms that the increased binding in the presence of chloroquine is primarily in the specificbinding component, and analysis of the data with LIGAND indicated that, in both the absence and presence of chloroquine, a two-site model gave a much better fit to the data than a singlesite model. Using this model it is clear that 1 mM chloroquine produced a 60 % increase in total binding and that the major part of the increase is in terms of high-affinity binding.
As indicated earlier, an alternative explanation of the nonlinearity in insulin binding is that the insulin-receptor interaction is negatively co-operative [32] . However, no evidence was found either in the values of the Hill coefficients or in the average affinity analysis to indicate that chloroquine is affecting the parameters describing the negative co-operativity. Thus if negative co-operativity is indeed a feature of insulin-receptor interaction, then it is unlikely that chloroquine is enhancing binding through the mechanism by which negative co-operativity operates.
Further characterization of the effects of chloroquine on the insulin-receptor interaction were carried out by examination of the rates of association and dissociation of the insulin-receptor complex. The net rates of association ( Figure 4 ) were clearly increased in the presence of chloroquine at each of the insulin concentrations used. However, analysis ofthe curves as suggested by Gammeltoft [34] indicated that the rate constant for association was unchanged and that the increase in the net association rate was in fact due to a decrease in the rate constant for dissociation (Table 4) .
Explicit measurement ofthe rates ofdissociation in the absence and presence of chloroquine under conditions where association would be minimal confirmed the suggestion that chloroquine caused a decrease in the rate of dissociation (vi, Figure 5 and Table 5 ). The values obtained for the rate constant for dissociation (kl, Table 5 ) show good agreement with those obtained in the association experiment. However, the presence of chloroquine was found to make no significant difference to the value of this rate constant. Although this may at first seem to contradict the conclusion from the analysis of net rates of association, it should be remembered that the analysis put forward by Gammeltoft is based on a simple bi-molecular reaction, with no allowance for multiple binding sites or negative co-operativity. The decrease in dissociation rate appears to result from a decrease in the amount ofinsulin available for dissociation by the 'fast' component of a biphasic process. This is very similar to the situation observed for inhibition ofendosomal degradation of insulin by chloroquine [7] . In this study, insulin internalized into hepatic endosomes was found to undergo degradation in a biphasic manner, and chloroquine inhibited degradation by increasing the proportion undergoing degradation by the slower process. Thus it is clear that at neutral pH chloroquine induces increased binding of insulin to its receptor, through a decreased rate of dissociation. The effects of native insulin in increasing the dissociation rate of the insulin-receptor complex are often taken as evidence for negatively co-operative binding. The effects of chloroquine are in the opposite direction to, and are reversed by, excess native insulin. This suggests that chloroquine may be inducing a positively co-operative phase to insulin binding. This is confirmed by examination of the binding displacement curve at higher chloroquine concentrations (Figure 7) , which shows increased binding of tracer with increasing native insulin concentrations up to 0.2 nM insulin. At higher insulin concentrations, the displacement curve behaves as expected, and analysis of this part of the curve (results not shown) indicates two-site or negatively co-operative binding. Thus chloroquine appears to induce positively co-operative interactions within the insulin receptor, resulting in increased binding at low insulin concentrations. Positive co-operativity of the insulin-receptor interaction has been shown before but only at either very high insulin concentrations [35, 42] or with insulin analogues [35] . As mentioned previously, increases in insulin receptor affinity have also been demonstrated in the presence of various antibodies to the insulin receptor [35, 43] . Two of the antibodies, MA20 and MA51 [35] , show a small (10 %) degree of binding enhancement at low insulin concentrations, indicating positive co-operativity, although, paradoxically, MA51 increases the rate of insulinreceptor complex dissociation rather than decreasing it.
Previous studies have also provided evidence for the transformation of the initial complex to give a tightly bound form, the Ksuper state [34, 43] , which, as mentioned earlier, may be a reflection of insulin forming a cross-link between receptor asubunits [17, 18] . The kinetic analysis of the dissociation rates indicates that it is not the dissociation rate constant that is changing in the presence of chloroquine but the proportion of insulin in a tightly bound form. It is therefore possible that chloroquine is increasing the proportion of insulin-receptor complex in the cross-linked or Ksuper state. However, it is not clear how this would give rise to the appearance of positively cooperative behaviour as discussed above.
For chloroquine to be affecting insulin-receptor binding, it is either interacting directly with the receptor or modifying the receptor environment to achieve the necessary conformational change. The effect of chloroquine in augmenting the binding of insulin was shown to be concentration dependent, with a maximum effect at 8 mM chloroquine, 50 % of maximum occurring at approx. 2 mM chloroquine. This suggests that chloroquine may be binding to specific sites on either the receptor or the plasma membrane. Systematic investigation of the binding characteristics, using radiolabelled chloroquine, showed that chloroquine binding was pH dependent, with maximum binding at pH 6.5-7.0. The studies also indicated a single class of lowaffinity binding sites with a Kd of 1.7 + 0.6 mM. The similarity between the Kd and the estimate for 50 % of maximum effect on insulin binding suggests that binding to these low-affinity sites is responsible for the effect of chloroquine on the insulin-receptor interaction. However, calculation of the number of binding sites per mg of protein (2.27 x 1016) and comparison with the number of insulin receptors (1.4 x 1012 per mg of protein) indicates that the ratio of chloroquine-binding sites to insulin-binding sites is > 10000:1. Thus it is unlikely that the interaction is specifically with the insulin receptor itself.
The kinetics of insulin dissociation seen in this study are very similar to those observed for the endosomal degradation of insulin [7] . Both are biphasic exponential events, described by almost identical kinetic parameters. The behaviour of both degradation and dissociation with respect to the presence of chloroquine are also very similar. In the case of endosomal degradation, increasing chloroquine concentration causes a progressive shift in the flux of degradation from the faster to the slower of the two exponential processes. Thus it would seem likely that some aspect of insulin dissociation is the rate-limiting step in endosomal insulin degradation and that chloroquine is acting by slowing dissociation. Previous studies [44, 45] have shown that chloroquine can accumulate in lysosomal vesicles to give chloroquine concentrations in the millimolar range, thus achieving the concentrations found to be effective in this in vitro study. As discussed previously, the overall inhibition may also depend on the ability of chloroquine to accumulate in acidic of the acidic contents. This elevated pH will then enable chloroquine to increase the affinity of the insulin-receptor interaction. This increase in affinity, with the associated decrease in receptor-mediated insulin degradation, could affect insulin signalling through the following mechanism. The presence of insulin on the receptor initiates autophosphorylation [46] and activation of the tyrosine kinase [47] and at the same time triggers endocytosis of the insulin-receptor complex 148]. In the absence of chloroquine, dissociation/degradation of insulin occurs [5, 40] and the phosphotyrosine phosphatase can dephosphorylate the receptor [49] , attenuating the signal and triggering return of endosome with free receptor to the cell surface [50] . In the presence of chloroquine, dissociation/ degradation of receptor-bound insulin is slowed, increasing the half-life of the activated insulin-receptor complex. Thus, although the phosphotyrosine phosphatase(s) can dephosphorylate the receptor, the continuing presence of insulin on the receptor will induce rephosphorylation and thus potentiate the signal.
The present studies do not prove that the effects ofchloroquine in patients with non-insulin-dependent diabetes are mediated through the insulin receptor. However, they clearly show that chloroquine has marked effects on the interaction of insulin with its receptor, which could easily give rise to alterations in the insulin/glucose homeostatic mechanisms and thus affect glucose balance in diabetics. The studies provide a basis for investigating the mechanisms by which chloroquine is exerting these effects, which may result in alternative treatment regimes for diabetes.
